Abstract-We propose and demonstrate frequency-comb regeneration using injection locking and a parametric mixer. We theoretically evaluate the effect of the dispersive walk-off between the two unmodulated carriers from which the comb is regenerated. We calculate the maximum number of carriers which can be regenerated as a function of the laser linewidth and transmission distance when considering dispersion-unmanaged links. Experimentally, we demonstrate a 70 line comb generation without major linewidth degradation from two carriers with 15 dB optical signal-to-noise ratio (OSNR). The low OSNR operation is achieved by the use of optical injection locking. We also evaluate the degradation in the comb regeneration when the carriers are temporally decorrelated in order to emulate the effect of dispersive walk-off. When the temporal delay is 1.5 ns, the comb regeneration does not suffer from major degradation but when the delay is 10 ns, only 30 carriers can be regenerated without linewidth degradation, which agrees with our theoretical analysis.
I. INTRODUCTION
T RANSMISSION of high-order quadrature amplitude modulation (QAM) has been enabled by the use of coherent receivers. The use of these kinds of signals increases the spectral efficiency at the expense of more stringent requirements on the linewidth of the transmitter as well as receiver lasers [1] . In order to relax the requirements on the laser linewidth, the self-homodyne detection technique, where an unmodulated copy of the transmitter carrier is co-propagated through the transmission fiber and used as a local oscillator, has been proposed and demonstrated [2] - [4] . However, self-homdoyne detection decreases the spectral efficiency since the carrier is usually transmitted in the orthogonal polarization to the signal. A similar technique is to transmit the carrier information at another frequency, which in combination with an optical phase-locked loop has successfully been used to detect up to 2048-QAM signals [5] . Both schemes, transmitting the carrier information in a dedicated polarization or in a different frequency, require transmitting as many carriers as data channels. When using multi-core fiber, the carrier can be transmitted in a different core [6] , [7] , and therefore in a N core fiber, N-1 data channels can be self-homodyne detected by transmitting a single carrier, which means that a whole spatial superchannel can be detected in a self-homodyne receiver.
In order to apply the self-homodyne detection technique for a frequency superchannel, the idea of comb regeneration has been proposed [8] . In this scheme, an optical frequency comb, multiple frequency and phase-locked carriers, is used to generate the wavelength-division multiplexing (WDM) carriers which are transmitted. If the comb is regenerated at the receiver, the selfhomodyne technique can be used for the detection of the whole superchannel. It is important to realize that only three parameters are necessary to regenerate the optical frequency comb, the phase and frequency of one of the lines and the frequency spacing. Therefore, as we will show here, the full comb can be regenerated by only transmitting two unmodulated carriers. Since the use of optical frequency combs with more than 1000 carriers [9] for data transmission has been demonstrated, this scheme does provide a tolerable loss of spectral efficiency since only two out these carriers would be transmitted without being modulated. In order to achieve successful self-homodyne superchannel detection, the frequency comb needs to be regenerated with high fidelity in scenarios where the two unmodulated carriers suffer from noise and they are temporal uncorrelated due to the dispersive walk-off.
In this paper, we propose and demonstrate the use of optical injection locking (OIL) and a parametric mixer for achieving comb regeneration, extending the results of a previous paper [10] . We theoretically assess the effect of temporal decorrelation between the carriers and how it limits the number of reconstructed carriers with low linewidth. Experimentally, we perform linewidth measurements of the regenerated carriers to confirm the comb regeneration. The comb regeneration is evaluated for two different carrier optical signal-to-noise ratios (OSNRs), 10 and 15 dB. We observe that the comb regeneration is limited to about 30 carriers in the case of 10 dB OSNR. In the case of 15 dB OSNR we can regenerate up to 70 carriers. The effect of temporal decorrelation between the carriers is also experimentally evaluated and shown to be in good agreement with the theoretical predictions.
II. SELF-HOMODYNE SUPERCHANNEL, CONCEPT
The schematic for a single-source self-homodyne superchannel is shown in Fig. 1 . In the transmitter, an optical frequency comb is generated. The technique to achieve this optical frequency comb is not important as long as the carriers are frequency and phase locked. For example, the comb could be generated using mode-locked lasers [11] , electro-optically using modulators [12] or parametrically [13] . The implementation choice will depend on different parameters such as the number of channels to be transmitted and the spacing. For example, when requiring carrier spacing beyond 40 GHz, a parametric comb will likely be a good choice. When requiring large number of carriers and spacing from 10 to 40 GHz, a parametric combs in combination with an electro-optic comb can generate more than 1000 carriers [9] . Once the optical frequency comb is generated, all the carriers but the two central ones are modulated. Since this system is proposed to alleviate the digital signal processing (DSP) requirements on the phase-tracking process, modulations formats such as higher-order QAM signals, e.g., dual polarization (DP)-32QAM, DP-64QAM which require complex and accurate phase tracking algorithms are the modulation formats which would benefit more from a selfhomodyne receiver. The signals and the unmodulated carriers are combined and transmitted over the link.
In the receiver, the two unmodulated carriers are filtered out and sent to a frequency-comb regeneration stage which generates carriers that can be used for homodyne detection of the whole superchannel and to reduce the complexity of the DSP for higher-order modulation formats. To achieve the homodyne detection, the frequency and phase of the regenerated carriers need to be the same as the phase and frequency of the data carriers. By having the two unmodulated carriers, the comb can be fully regenerated since we have access to all the necessary information to regenerate the comb, which is the frequency and phase of the central laser, and the frequency separation. An important aspect assumed in this study is that the path length difference between the unmodulated carriers and the modulated carries is zero. The accuracy for the path alignment does depend on the linewidth of the transmitter laser and modulation format. Assuming data transmission without dispersion compensation, the impact of path misalignment will be different for the different data channels. For example, data channels at long wavelengths will be more affected when the unmodulated carrier path is shorter than the path for the data channels. 
A. Proposed Scheme for Comb Regeneration
As mentioned, comb regeneration for self-homodyne superchannels has already been proposed and assessed [8] , [10] . In [8] the frequency separation between the comb lines was emulated since the transmitter comb and received comb shared the same reference clock. Since we propose the transmission of two unmodulated carriers, the comb regeneration can be achieved by using OIL and a parametric mixer in which multiple carriers are generated by cascaded four-wave mixing (FWM) [13] . The schematic for this proposed scheme is shown in Fig. 2 . The use of a parametric mixer enables an all-optical comb regeneration in which the frequency spacing of the transmitter comb is directly obtained without the need of electrical components such as phase-locked loops. It is important to realize that linewidth preservation in the parametric frequency comb is possible since the two carriers which seed the parametric frequency comb are frequency-locked [14] . The linewidth preservation of the regenerated carriers does mean that these carriers are frequency locked to the transmitted carriers.
III. LINEWIDTH DEGRADATION CAUSED BY TEMPORAL DECORRALATION
As shown in Fig. 1 , the two unmodulated carriers combined with the data channels are transmitted through the link. At the receiver, the two unmodulated carriers are temporal decorralated due to the dispersive walk-off during transmission. In dispersion-managed links with dispersion-compensating fibers (DCFs), this effect should be negligible but as we will show in this paper this effect will limit the transmission distance in dispersion-unmanaged links. It is obvious that if the delay between the carriers is larger than the coherence time of the transmitter laser, the comb regeneration will be degraded since the relative phase between the two carriers will be uncorrelated and vary rapidly. However, the degradation of the comb regeneration in the case of a temporal delay smaller than the coherence time needs to be evaluated. In order to understand the limitations on the transmission distance for a given laser linewidth, we will theoretically analyze how the linewidth of the regenerated carriers depends on the temporal decorralation caused by the dispersive walk-off.
We first note that the phase of the n th carrier is determined by [15] θ n (t) = nθ 1 
(1) where θ 1 and θ 0 are the phases of the central carriers from which the parametric comb is generated. In absence of temporal decorralation, θ 1 (t) = θ 0 (t), and it is obvious that the linewidth of the regenerated carriers will not be degraded [14] . When the initial carriers are two free-running lasers the linewidth of the carriers scales quadratically (assuming Wiener process) with the number of carrier. However, in comb regeneration, the carriers are partially decorrelated since, as said, the temporal decorralation is shorter than the coherence time. We now take into account that the phase of one carrier correspond to the the phase of the other carrier delayed by T s, i.e., θ 1 (t)) = θ 0 (t − T ). Equation (1) can be rewritten as
In order to analyze the linewidth degradation it is important to study the variance of the phase evolution defined as Δθ n (t, τ ) = θ n (t) − θ n (t − τ ) where τ is a free parameter. We can therefore express the variance of the phase evolution as
In our analysis, we assume a stationary process, Δθ 2 0 (t − T, τ ) = Δθ 2 0 (t, τ ) . We then need to evaluate the last term in the previous equation
We now assume that the frequency noise of the transmitter laser is white, and therefore [16, Eq. 7 .135]
where t c is the coherence time which is related to the laser linewidth (Δν), full-width half maximum by t c = (Δνπ) −1 . By using Eqs. (3)- (5), we can express the variance of the phase evolution as:
where we have considered T to be positive. We can now calculate the power spectral density of the regenerated carriers as [16, .133]
where we neglect amplitude noise. |A n | is the amplitude of each line which depends on the FWM efficiency. Therefore, we can calculate the spectrum as shown in Eq. (9) in which b = 2n 2 − 2n + 1 and K n = 2A n t c Since we consider, T t c , ωT ≈ 0 for the bandwidth in which we are interested. The power spectral density can then be 
.
In this equation, we can observe that the linewidth has two contributions whose weight depends on the carrier number n, and the ratio between the dispersive walk-off and coherence time T /t c . When the second term dominates, the linewidth of the regenerated carriers is preserved which means that the regenerated carriers will be phase locked to the data carriers and the spectral shape will be Lorentzian. However, the linewidth is degraded when the first term dominates and the linewidth degradation increases quadratically with the carrier number. In order to illustrate the linewidth degradation, we plot the normalized power spectral density of the regenerated carriers in Fig. 3 for two different walk-off times. The laser linewidth is 160 kHz which corresponds to a coherence time of t c = 2 μs. When having short walk-off between the carriers, the shapes of the depicted spectra are similar in about 10 dB range. We can however observe different shapes when considering frequencies with low power spectral density. In the case of large walk-off The number of regenerated carriers is determined as the number of regenerated carriers whose 10 dB linewidth is increased less than the 10% of the transmitter laser 10 dB linewidth.
time, for carrier numbers beyond the 25 th the linewidth scale quadratically with the number of carrier according to Eq. (10) since the second term can be neglected in this case.
We now consider that we can tolerate a 10% increase of the linewidth of the laser measured at the full width of the 10 dB power spectrum which will herein be denoted as Δν 10dB . Note that we use the full width at 10 dB since as we can see in Fig. 3 the typical 3 dB linewidth measurement is not a good estimation. The 10% increase of the linewidth measurement is used since in this study we are mainly interested in the properties of the regenerated comb. In a data transmission scenario, we should indeed determine how the linewidth degradation translates into phase noise variance of the beating between the regenerated carrier and the data carrier and how much phase noise variance can be tolerated in accordance to the modulation format. In such an analysis, we should also take into account the dispersive walk-off suffered by the data signal with regard to the central carrier. The number of carriers which can be regenerated without linewidth degradation caused by the dispersive walkoff between the carriers is plotted in Fig. 4 . We assume that the dispersion is 17 ps/(nm km) and the carrier spacing is 25 GHz. As can be seen, when the laser linewidth is 160 kHz (t c = 2 μs), the transmission distance for 100 WDM channels will be limited to about 500 km and for 40 channels to about 2000 km. When decreasing the laser linewidth to 80 kHz (t c = 4 μs), we can observe that the transmission distance for regenerating the same number of carriers is doubled. Therefore, it is important to realize that by using a low-linewidth laser at the transmitter side, we can perform transmission through a longer link. For example, when using a laser with 1.5 kHz linewidth, the transmission distance would be limited to about 30000 km for the case of 100 WDM channels. Therefore, we can observe that by using a low-linewidth laser at the transmitter side the transmission distance will be impaired by the received OSNR. However, when employing a standard distributed feedback laser and many WDM channels, the comb regeneration could be limited by the dispersive walk-off between the carriers. A good rule to assure that the comb regeneration is not degraded by the linewidth is that n 2 T t c .
IV. EXPERIMENTAL ANALYSIS OF COMB REGENERATION
In this section, we describe the experimental setup and results in order to evaluate the comb regeneration capabilities of the proposed scheme.
A. Experimental Setup
In order to evaluate the comb regeneration capabilities we implemented the experimental setup shown in Fig. 5 . A laser centered at 1553.3 nm and linewidth of about 160 kHz fed an electro-optic comb consisting of a Mach-Zehnder modulator and two phase modulators. The electro-optic comb generated 62 carriers with a separation of 25 GHz. The carriers at 1553.3 and 1553.5 nm were filtered and attenuated before being injected into an erbium-doped amplifier (EDFA) which served as noise-loading stage. Different carrier OSNRs were achieved by varying the attenuation of the carriers before the EDFA. Using a programable wavelength-selective switch (WSS), the carriers were directed to two different paths. In each path, a circulator directed each carrier into an OIL laser. The power for OIL was controlled by the WSS. The signals generated by the slave lasers were combined before being injected into a high-power EDFA. The amplified carriers were launched into the parametric mixer consisting of the cascade of highly-nonlinear fiber (HNLF), single-mode fiber (SMF) and HNLF in order to generated multiple carriers in a similar scheme as reported previously [13] . After the parametric comb, a second WSS allowed us to filter each carrier for linewidth measurement. The linewidth was measured by the self-heterodyne technique [17] . The selected carrier was split in two paths. In one path we included an acoustic-optic modulator that shifted the frequency by 27 MHz and in the other 27 km of SMF for decorrelation. The two paths were combined and the carrier was detected by a photodiode. The electrical signal was finally analyzed in an electrical spectrum analyzer.
B. Experimental Results
In order to confirm the importance of the OIL stage for relaxing the OSNR requirements on the carriers at the input of the regeneration stage, we show the spectra of the parametric comb for the cases with and without this stage in Fig. 6 . We also include the spectrum of the electro-optic comb as reference. When the OIL was not present, we observed that the generated comb is limited by the OSNR despite the high OSNR per carrier (22 dB) at the input of the comb regeneration stage. This OSNR degradation is due to two factors: the noise is amplified in the HNLFs and the power of the carriers is distributed in order to generate new carriers. Lower OSNR degradation could be achieved by optimizing the parametric comb but it will be always limited by the distribution of the carrier power. When having the OIL stage with an injection ratio of about 40 dB, the parametric comb generated up to 71 carriers in a 20 dB bandwidth with much higher OSNR than in the case of not including the OIL stage. Due to the small spacing between carriers, the OSNR of the generated carriers could not be measured accurately with the optical-spectrum analyzer due the limitation on resolution. It is important to realize that the transmission of about 400 WDM Fig. 5 . Experimental setup for evaluating the linewidth of the regenerated carriers. We highlight the point in which the carrier OSNR was measured and the point in which fiber was added to emulated the effects of the dispersive walk-off. EO Comb, electro-optic comb; EDFA, erbium-doped fiber amplifier; WSS, wavelength-selective switch; AOM, acoustic-optic modulator; ESA, electrical-spectrum analyzer. Fig. 6 . Spectra of the electro-optic comb (a) and the regenerated comb (b). The regenerated optical comb spectra are shown for the cases of without OIL stage with 22 dB carrier OSNR and with the OIL stage and 10 dB carrier OSNR. channels (24.5 GBaud DP-64QAM with 25 GHz spacing) whose carriers were generated in a frequency mixer has recently been demonstrated [18] . Therefore, in an optimized parametric mixer the OSNR of the regenerated carriers should be sufficiently high to use then as local oscillators.
Then, we evaluated the 10 dB linewidth of the carriers generated by the parametric comb for two different input OSNRs, 10 and 15 dB, measured at the input of the comb regeneration stage. The linewidth results are shown in Fig. 7 in which the carrier number is with respect to the transmitting laser carrier. As reference, we included the laser 10 dB linewidth. We can observe that only about 52 carriers can be regenerated without major linewidth degradation when the carrier input OSNR is 10 dB. Compared to results published in [10] , we can see that the number of regenerated carriers is decreased from 62 to 52 by evaluating the 10 dB linewidth instead of the 3 dB linewidth which was done in our previous work. When the carrier OSNR at the comb regeneration stage is 15 dB per carrier, all the carriers which were in the 20 dB bandwidth of the regenerated comb had 10 dB linewidth below 550 kHz. However, we can see that the outer carriers are slightly degraded. Higher input OSNR and optimization of the parametric comb would lead to larger number of regenerated carriers with less linewidth degradation.
To emulate the walk-off caused by dispersion, we assessed the linewdith by having different fiber lengths in the carrier regeneration stages as indicated (T) in Fig. 5 . We studied the case of 2 m and 30 cm path difference which correspond to time delay correspond to 10 and 1.5 ns. The transmission distances which cause these delays in a SMF (D = 17 ps/nm km) are about 3000 km and 400 km respectively. Figure 8 shows the linewidth of the regenerated carriers for these two cases. As reference, we include the theoretical results using Eq. (9) and t c = 2 μs which corresponds to the measured laser time coherence. We can observe that when the delay is 10 ns, only about 30 regenerated carriers do not suffer from major degradation. In this case, both theory and experiments agree quite well which validates our theoretical analysis. Again, the evaluation of the 10 dB linewidth impose a stronger restriction in the number of regenerated carriers when we compared the results to our previous work [10] where we accounted for the 3 dB bandwidth and we could regenerate up to 40 carriers. When the delay was 1.5 ns, we can observe that the outer carriers are slightly degraded, which is not predicted by the theory. This degradation is only slightly larger than in the case of no temporal delay between the carriers at the same input carrier OSNR shown in Fig. 7 . The difference between the two cases, 1.5 ns delay and no delay, is most likely due to slightly different conditions of the OIL stage such as different injection ratios.
V. DISCUSSION
In this study, we propose and analyze the comb regeneration for self-homodyne superchannel transmission and evaluate the effects of the dispersive walk-off between the carriers which are transmitted unmodulated. This effect could be overcome by delaying the carrier at the shortest wavelength in the regeneration stage such that both carriers are temporal aligned at the input of the parametric mixer. Implementing this delay can be easily accomplished in a point-to-point link but requires the implementation of variable delays in networking scenarios. Another method to overcome such effects is the use of low-linewidth laser at the transmitter. As discussed, when decreasing the linewidth by a factor of 10, the maximum transmission distance (defined as the distance for which the same number of carriers is regenerated without linewidth degradation) is increased by the same factor. Using a laser with linewidth of 1 kHz with channel at 25 GHz separation, the comb regeneration could be accomplished for 300 channels for distances over 10000 km. It is important to realize that only one low-linewidth laser is then necessary in the proposed technique to achieve comb-regeneration which is not impaired by the dispersive walk-off.
Experimentally, we have also assessed the comb regeneration as a function of the carrier OSNR at the input of the comb regeneration stage. In our previous work [10] , we showed that 15 dB carrier OSNR is sufficient to regenerate the comb without linewidth degradation when using the standard fullwidth half maximum definition. However, it provides a small penalty in the case of the 10 dB linewidth definition used in this paper. As mentioned, the proposed technique is intended for modulation formats such as DP-32QAM, DP-64QAM, and so on in which the receiver can benefit by the self-homodyne detection which relaxes the requirements on the phase tracking. We should then note that 18 dB OSNR is theoretically required for receiving 20 GBaud DP-32QAM signals with BER = 2 × 10 −2 . If we assume that the two unmodulated carriers are transmitted with the same power as the data channels, the comb regeneration stage will not be limited by the received carrier OSNR. An effect which needs to be analyzed in transmission is how the nonlinear crosstalk affects the comb regeneration. However, due to the low tolerance toward non-linearities of the higher-order modulation formats, one can expect that the nonlinear crosstalk will not impaired the comb regeneration. The penalty caused by nonlinear crosstalk for the transmitted unmodulated carriers onto the data channels should also be evaluated experimentally.
VI. CONCLUSION
In this study we have investigated comb regeneration for selfhomodyne superchannel based on OIL and parametric mixing. We have theoretically found the linewidth degradation for a certain transmission distance and laser linewidth when we consider the effects of the dispersive walk-off between the two unmodulated carriers. The linewidth degradation will impose a limitation on the tranmssion distance when implementing comb regeneration for self-homodyne superchannel detection. Experimentally, we have demonstrated that the comb regeneration can be performed even when the input carrier OSNR is as low as 15 dB by using OIL. The effects of the time decorrelation were also evaluated experimentally and agreed with our the theoretical predictions.
